Phase-transfer catalyst systems contain two liquid phases, with a catalyst (PTC) that transfers between the phases, driving product formation in one phase and being regenerated in the other phase. Typically the reaction involves neutral species in an organic phase and regeneration involves ions in an aqueous phase. These reacting systems are receiving increased attention as novel organic synthesis options due to their flexible operation, higher product yields, and ability to avoid hazardous or expensive solvents. Major considerations in the design and analysis of PTC systems are physical and chemical equilibria, as well as kinetic mechanisms and rates. This paper presents a modelling framework for design and analysis of PTC systems that requires a minimum amount of experimental data to develop and employ the necessary thermodynamic and reaction models and embeds them into a reactor model for simulation. The application of the framework is made to two cases in order to highlight the performance and issues of activity coefficient models for predicting design and operation and the effects when different organic solvents are employed.
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Introduction
Phase transfer catalytic (PTC) systems, involving aqueous and organic phases, can be useful for chemical processes where part of an organic reactant exchanges with an ionic or polar species, since solubility limitations will inhibit reactive contact in a single phase. The principle is for a catalyst with substantial nonpolar character to react with the ionic or polar species in the aqueous phase and then transfer to the organic phase as a neutral species to combine with the organic reactant.
The first known commercial use of a PTC system was reported by Rueggeberg et al. (1946) , for the production of benzyl benzoate from benzyl chloride and sodium benzoate catalysed with diethyl-and triethylamines as PTC. Since then, the approach has been applied to various types of organic synthesis opening novel reaction routes and allowing selection of faster and/or cheaper catalysts. Some important examples include active ion transfer systems where active quaternary ammonium salts are transferred as from an aqueous phase to allow substitutions for the oxidation of olefins, the borohydride reduction of ketones, the hydrolysis of esters, and cyanide displacement processes (Starks, 1971; 1973; Chandler et al., 1998) . In addition, there are oxidising agent transfer systems where the transferred species catalyse reactions in the organic phase, such as alkyl chloride and nitrile formation, and benzoin condensation (Dehmlow, 1974; Rozwadowska, 1985) . Finally, in free-radical assisted reactions, the PTC carries or creates free radical species for enhancing product properties or avoiding hazardous chemicals and severe reaction condition for halogenation, polymerization, and alkylation reactions (Kolvari et al., 2007; Kaur et al., 2011; de Zani and Colombo, 2012 ). These cases demonstrate that PTC systems allow flexible and easier operation, yield higher production, and, while not eliminating added solvents, can avoid those which may be hazardous or expensive.
The biphasic PTC system of focus in this paper contains two completely immiscible liquid phases created by water and an organic compound. The PTC transfers as an active species from one phase to the other in order to convert the reactant to the desired product and then transferring as an inactive species back to be regenerated in the aqueous phase. Here, as shown in Figure 1 , the desired reaction is to form the product RY from the reactant RX. The PTC is identified as Q, which in the aqueous phase is a positively charged cation (Q + ), such as tetraalkylammonium, coexisting with anions (X -or Y -). In the organic phase the PTC is in a neutral form (active QY and inactive QX). The reaction occurs in the organic phase with RY going to the desired RX while QY goes to QX. Then the inactive PTC (QX) transfers to the aqueous phase and ionizes. The added salt (M Process design and analysis via simulation require mathematical models to describe the physical and chemical equilibria and rate behaviour of a system. Here, the model-based design-analysis tool must deal with the reaction kinetics and equilibria in two coexisting liquid phases, as well as estimate partitioning of many chemical species (solvents, reactants, products, and PTC) . Further, the modelling is often complicated by a lack of experimental data. Previously, a simple data-based model was reported by Samant et al. (2001) for the design of PTC systems. Piccolo et al. (2012) proposed a model-based framework for the design of reacting systems with phase transfer catalysis, where they successfully used models for partition coefficients of species in the two co-existing phases to predict the distributed amounts of PTCs. The main limitation of their model-based framework was the limitation to chemical systems for which the model parameters had been obtained. In addition, several other models involving tetraalkylammonium ions in PTC systems with limited application range have been developed (Belvèze et al., 2004; Papaiconomou et al., 2012; Jaime-Leal et al., 2014; Najibi et al., 2015) . An early and abbreviated version of the current work was reported by Anantpinijwatna, et al. (2014) .
In the present paper, a systematic biphasic modelling framework, applicable to a wider range of PTC systems than previously reported, is presented together with new applications that highlight the use of newly developed models. While some experimental data are still required, our framework now extends the early version, and includes significant predictive elements. In what follows, Section 2 presents the framework and procedure for obtaining the various models for constructing a PTC based reactor model. Details are given for several thermodynamic models implemented in the framework: NRTL, eNRTL, SAC, e-KT-UNIFAC. In section 3, models of two biphasic reaction systems are formulated according to the framework. In section 4, the models are applied to find the PTC-solvent pairs with the highest product yield, minimum impurities, and fastest overall reaction rate. Also, performances of the thermodynamic models are evaluated by comparison with available data. For each of these models in the examples, the corresponding model parameters have been identified. 
Systematic Biphasic Modelling Framework
Our biphasic modelling framework is developed based on the systematic model generation method of Cameron and Gani (2011) . The structure of the procedure is shown in Figure 2 . The process starts with defining the modelling objectives, followed by model construction, analysis, and solution by a derived numerical solution strategy. The model equations are classified in terms of balances, constitutive relations, and conditions. The first step in the process is to collect information on the reactive system. The chemical species are separated into homogeneous species, remaining in only one phase, and heterogeneous species, distributing/partitioning into both phases. Next, they are classified in terms of solvent, reactive (reactant and product), and inert species, noting that dissociation of chemical species into ions is considered only for the aqueous phase. Also, pure species physicochemical properties, such as vapour pressure, density, viscosity, Gibbs energy and enthalpy of formation leading to reaction equilibrium constants, and melting and boiling temperatures are retrieved from a database or estimated by an appropriate group contribution method (e.g., Constantinou and Gani, 1994) .
Next, constitutive equations are collected by selecting the appropriate property models for activity coefficients, which are used for computing species partitioning and equilibrium extents of reaction. Then, the reactions are classified into those that are kinetically controlled, those that are equilibrium controlled, and those that are mixed. If mass transfer of heterogeneous chemical species between phases is not instantaneous, mass transfer effects are also considered, usually within the kinetic formulation.
Finally, from the reaction system information and the reactor type (CSTR, batch or fed-batch), mass balance equations are generated, along with conditional equations such as the definitions of mole fraction and/or the condition of equilibrium.
In the present formulation, the constitutive and conditional equations are developed in modules which depend on the PTC system and modelling objectives. The final result is a problem-specific model that arises from the combination of the three classes of equations. We now describe generic equations and details of the steps of each module for equation selection and model generation. Module 2 is where the reaction mechanisms and mass transfer description are established. We formulate the generic reaction model from the non-elementary reaction rate law given in Equation 3. Note that if the reaction may be considered to occur at the interface a third phase is included. In the case of a purely kinetically-driven forward reaction, the term ( ) Module 3 is where the balance equations that depend on the reactor geometry and the biphasic description are established. The generic mass balance equation is related with other modules through the extent of reaction concept, as given by equations 4 and 5.
where j ξ is the extent of reaction j as a function of time and rate of reaction; After the model consisting of equations from the three modules has been generated, it is advisable to validate it using available data before further use in design and analysis of a PTC system. If the model fails the validation test, the model parameters may be fine-tuned with additional data.
Constitutive Thermodynamic Model Implementation
Vital information for reliable and innovative design of a PTC-based process is the partitioning of the active and inactive forms of the PTC and other species between them. We decompose the list of species into four subsystems (A -D) and list the property models used for each.
Subsystem A (organic solvent -water) deals with the mutual solubilities of the organic solvent with water. The models are NRTL, NRTL-SAC, or KT-UNIFAC.
Subsystem B (inorganic salt -water) treats the behaviour of the inorganic salt (M + X -and M + Y -) in the aqueous phase using the e-NRTL, e-NRTL-SAC, or e-KT-UNIFAC models.
Subsystem C (organic solvent -PTC) considers the PTC neutral species (QX and QY) in the organic solvent with the NRTL, NRTL-SAC, UNIFAC-IL, or e-KT-UNIFAC models.
Subsystem D (water -PTC) describes the behaviour of the ionized PTC species (Q + X -and Q + Y -) in the aqueous phase with the e-NRTL, e-NRTL-SAC, or e-KT-UNIFAC models.
The model descriptions of subsystem A are satisfactory using with existing models, but a new electrolyte model (e-KT-UNIFAC, Kim et al., 2016) has been developed and applied here to subsystem B (Kim et al., 2016) (Kim et al., 2016) (Kim et al., 2016) (Kim et al., 2016) (Kim et al., 2016) (Kim et al., 2016) for some representative alkali halide salts that are donors of reacting anions or acceptors of inactive anions.
Combinations of different appropriate thermodynamic models for subsystems C and D have been applied to calculate the partitioning of the PTC between the aqueous and organic phases. For example, the solubilities of various PTC species in different organic solvents of subsystem C can be determined using the NRTL, NRTL-SAC, and e-KT-UNIFAC models with newly fitted parameters, as reported in this section. Behaviours of the PTC in the aqueous phase of subsystem D can also be predicted using the eNRTL, eNRTL-SAC, and e-KT-UNIFAC models with newly fitted parameters. Table 1 tabulates the models for each subsystem. Piccolo et al. (2012) proposed using a combination of the NRTL and eNRTL models for subsystems C and D respectively. The applicability of this combination is limited by the need for experimental data of each pair of PTC with solvent and PTC with water. Due to the specific interaction parameter of required for each system, this approach is less useful for prediction, but has lower uncertainty because the parameter is fitted to data. We use this combination for the benzoin condensation case study of Section 3.1 with the results given in section 4.1.
The Segment Activity Coefficient (SAC) Models
The non-random two-liquid segment activity coefficient (NRTL-SAC) and its extension for electrolyte systems (eNRTL-SAC) were proposed by Chen and co-workers (2004; . The NRTL-SAC model has been successfully applied for calculating solubilities of complex molecules in organic solvents, while the eNRTL-SAC model has been applied for activity coefficient calculations of various electrolytes. The models divide a molecule into conceptual segments (four segments for NRTL-SAC and five segments for eNRTL-SAC) with the segments having specific values for interactions between them. Thus, this model is predictive for the systems with known solvents and PTCs. Application to new PTCs requires experimental data to estimate the number of segments, though if determined for one system, it can be employed for any known solvent.
We have applied the NRTL-SAC to subsystem C and the eNRTL-SAC to subsystem D. Since segment numbers are not known for tetraalkylammonium PTC in Subsystem C, we have regressed the parameters to experimental data from Yu and Friedman (1966) , Frank and Clarke (1967) , Abraham and co-workers (1970; 1972; 1973; 1983; , Talukdar and Kundu (1991) , and Lee and Huang (2002) . In total, 63 binary systems in 12 organic solvents, with 65 experimental points were used. The regressed segment numbers are given in Table 2 and graphical comparison of model calculation and measured data is shown in Figure 4 . Within the 12 solvents, the calculated solubilities of PTC in benzene, bromobenzne, chloroform, toluene, cyclohexane, dichloromethane, hexane, and 1,1-and 1,2-dichloroethane are deviated less than 5% from the measured data. Only the calculated solubilities of tetraethyl and tetrapropyl ammonium iodide PTC in ethyl acetate, ethyl ether, and chlorobenzene deviate greatly from the measured data. The subsystem D of PTC with water is modelled with the eNRTL-SAC model. In order to regress the segment numbers for the eNRTL-SAC model, data from Lindenbaum, et al. (1964; 1970) , and Wen et al. (1966) have been used. In total, there exist 470 experimental data points from 24 binary systems. The regressed segment numbers of tetraalkylammonium PTC are shown in Table 3 . Graphical comparisons of activity coefficients for only (methyl to butyl) tetraalkylammonium bromide and chloride are shown in Figure 5 , while Figure 6 comparisons of model calculation and data for all available PTC-water measurements. 
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e-KT-UNIFAC Model
The e-KT-UNIFAC is a new extension of the KT-UNIFAC model of Kang, et al. ( 2002) for correlation and prediction of electrolyte solution thermodynamic properties. The model combines the terms for Debye-Hückel theory, second virial coefficients, and the short-range KT-UNIFAC effects to account for binary interactions between ions with ions and ions with groups (Kim et al., 2016) . The approach has been successfully applied for prediction of alkali halide phase behaviour in aqueous and mixed solvent systems. We have applied this model to subystems B, C, and D.
Here, the PTCs are considered as chains of UNIFAC groups attached to a central ion group ( Structural and interaction parameters of halide ions are given by Kim et al. (2016) . Thus, only the + N group has new parameters for our purposes. Using ionic radii selected by Marcus (2008) , and the same standard segment radius as in previous work ( ) Å r Ws 0 . 1 = , structural parameters of the + N group can be obtained. The same set of experimental data as in Section 2.2.2, together with the new data for asymmetric and isomer PTC reported by Blanco, et al. (2005; 2006; 2008; have been used for regressing the interaction parameters for the + N group and others in our systems. In total, 763 data points were used. All new parameters are reported in Table 4 . Figure 7 compares activity coefficients from the model with data for all the available data points; the average deviation is 1.07%. Figure 8 compares model and measured solubilities; the average deviation is 1.48%.
The e-KT-UNIFAC gives about the same error in predicting activity coefficients of the PTCs in the aqueous phase as the eNRTL-SAC (1.07% for e-KT-UNIFAC vs. 1.04% for eNRTL-SAC). Since experimental uncertainties have not been reported, but we believe that the model agreement is very good. Note that the e-KT-UNIFAC is Measured Activity Coefficient more accurate for solubility estimates in the organic phase than the NRTL-SAC model (1.48% to 5.21%) and in addition, since e-KT-UNIFAC is a group contribution approach, it can be fully predictive for other species. 
Modelling of Biphasic Reaction Systems with PTC
This section presents some versions of PTC-based process models are constructed via the modelling framework given above. Process models are combined with thermodynamic models (see Section 2.2) to obtain the final system model capable of estimating the process design-performance variables (product yield, amount of impurities, acceleration of reactions, etc.). ICAS-MoT (Integrated Computer Aided System -Modelling Testbed) (Gani, 2003 (Gani, & 2015 has been used for the construction, analysis, and solving of the model. The parameter optimization/regression was solved using a successive quadratic programming (SQP) method incorporated in the software.
Case Study: Benzoin Condensation Process
Benzoin (2-hydroxy-1,2-diphenylethanone, 
H C CH(OH)C(O) H C
) is a hydroxyl ketone used as a synthon for polymeric and pharmaceutical materials. Benzoin is produced by a condensation reaction of benzaldehyde
with a cyanide ion catalyst. In a PTC system, the benzaldehyde is principally in the organic phase with sodium cyanide in the aqueous phase. The PTC is tetrabutylammonium bromide (TBAB) (Yadav and Kadam, 2012) with the reaction mechanism shown in Figure 9 . The reactor is of the batch type and the reactor operation starts in the aqueous phase with TBAB and sodium cyanide reacting to form tetrabutylammonium cyanide (TBACN, TBA + CN -) and the spent salt sodium bromide. The TBACN is transferred from the aqueous phase to the organic phase to react with benzaldehyde, generating a carbanion intermediate compound. The carbanion undergoes a nucleophilic addition reaction with another benzaldehyde molecule. Then the cyanide group is eliminated, resulting in the benzoin product and a TBA + CN -compound which transfers to the aqueous phase for another cycle. This system may be considered as pseudo phase transfer catalyst, since both the active and inactive PTC forms are not consumed during the reaction. Thus, the aqueous Na + CN -and PTC are treated as inert species at constant concentration.
In this case the model generation procedure has only TBAB and TBACN as heterogeneous species and water and toluene as solvents. Benzaldehyde and its intermediate compound, as well as both sodium salts are reactive species, and there is complete dissociation of sodium salts and tetrabutylammonium compounds in the aqueous phase.
For the reactions, the nucleophilic addition is considered as kinetically controlled, while the others are considered at equilibrium. It is also assumed that all reactions follow an elementary rate law, with no mass transfer limit, and the concentrations of TBAB and TBACN are assumed constant throughout the reaction period.
From Module 1, the distributions between aqueous (α ) and organic ( β ) phases of TBAB and TBACN are obtained as functions of activity coefficients, as given below. The NRTL and eNRTL models are combined with the above process model for the benzoin condensation process. Measured data are needed for regression of the kinetic parameter 3 k . The interaction parameters were taken from Piccolo et al. (2012) . The results of the full model calculations are given in section 4.1.
Chlorination of Organobromine
Organochloride is used as synthetic rubber in various chemical industries (Herriott and Picker, 1975; Kolvari et al., 2007) , as an insecticide and intermediate in the agricultural industry (Naik and Doraiswamy, 1998; Kolvari et al., 2007) , and as an intermediate for antibacterial production in the pharmaceutical industry (Jie et al., 2014) . It can be synthesized by chlorination of organobromine with sodium chloride using tetraalkylammonium cation as a PTC. Figure 10 shows the PTC reaction mechanism of organobromine chlorination. The process starts in the aqueous phase with the reaction between tetraalkylammonium bromide (Q + Br -) and sodium chloride. to generate the active PTC, tetraalkylammonium chloride (Q + Cl -), that transfers from the aqueous to the organic phase. This active PTC reacts with organobromine to create organochloride and an inactive PTC that transfers back to aqueous phase for further reaction.
Here, there are 2 heterogeneous chemical species, tetraalkylammonium bromide and tetraalkylammonium chloride. Water and an organic compound are treated as solvents; in this case we have considered 13 immiscible organic substances to examine their differences in effectiveness (toluene, benzene, dichloromethane, methyl tertbutyl ether, dichloroethane, bromobenzene, chlorobenzene, chloroform, ethylacetate, methylcyclohexane, ethyl ether, cyclohexane, and hexane). The reactive species are organobromine, the PTC, and the sodium salts, and complete dissociation of sodium salts and tetrabutylammonium species is assumed in the aqueous phase.
Again, the process is a batch reactor without any mass transfer limit. The reaction in the organic phase has been formulated with both kinetic control and equilibrium control, depending on the design targets. 
In Module 2, the aqueous phase reaction is in equilibrium.
The reaction in the organic phase has been derived for PTC systems under three different operational scenario assumptions, depending on specified process design targets. The three cases are:
Equilibrium model
This model set is constructed to estimate the final amount of each species in both the aqueous and organic phases, with the assumption that the organic phase reaction is in equilibrium. One equation (24a) 
Conversion model
This model is used when the extent of conversion of the limiting reactant is specified. It is used to estimate the amounts of each species in both phases at a given conversion. The conversion model uses one equation (25b) along with one parameter, the conversion C
Kinetic model
This model is a time-dependent model for estimating the apparent rate of reaction. The model is used for designing a reaction system with the intention of improving the overall production rate. It requires 2 equations (25c and 25d) and one parameter, the rate of organic phase reaction β
From Module 3, the batch reactor model (no inlet and outlet flows) is used. The changes in reactive species depend on whether an equilibrium, conversion, or kinetic model. This gives 8 balance equations (25 to 32) for each species type. The equilibrium model requires no regressed parameters, while each of the conversion and kinetic models require one parameter, C β for the conversion model, and k β for kinetic model. Section 4.2 gives the results using the SAC thermodynamic models, while in Section 4.3 are given results for the equilibrium model using the e-KT-UNIFAC for estimating activity coefficients.
Model-Based Design and Analysis of the Systems
In this section, the applications of the constructed models are described in detail. In section 4.1 the benzoin condensation model from section 3.1 is combined with the eNRTL models to follow the benzoin condensation process with various initial conditions. Then, combinations of three reacting models from section 3.2, combined with thee-NRTL-SAC and the e-KT-UNIFAC models are presented in sections 4.2 and 4.3, respectively. The SAC correlation is used to highlight designs with the most efficient solvents for different process design targets, while the e-KT-UNIFAC combination is used to highlight predictive possibilities related to design of the more effective and novel PTC cations.
Benzoin Condensation
In this case study, a pseudo-PTC reacting model (equations 9 to 19) is combined with NRTL/eNRTL the thermodynamic models for the prediction of benzoin condensation process behaviour. The objective is to check the applicability of the NRTL and eNRTL models.
For the benzoin condensation process case study, there are 12 sets of measured data with various initial conditions collected from literature (Yadav and Kadam, 2012) . One of the sets is selected for the parameter regression for the rate of reaction ( , figure 11 shows an acceptable fitting between the measured conversion of benzaldehyde and calculated value from the model.
The regressed parameter is used to determine the effect of the initial amounts of benzaldehyde, salt, and PTC needed for the known rate of reaction. As shown in figure 12 over wide ranges of initial amounts of PTC, salt and reactant, the deviations of estimated conversion of benzaldehyde are less than 10% from measured data. The data used and calculated values of figure 12 are given as supplementary material to this paper (see Table S -I).
Thus, the combination of NRTL and eNRTL, can be used to predict the PTC system behaviour with regression of a minimum of available experimental data for the specific rate of each reaction. is first used to check the applicability of the SAC model. Different equation sets from section 2 and 3 are combined with the SAC model and employed for the design of reacting systems with different specified process design targets.
All calculations use the same initial feed, operating conditions, and reactor volume, as given in Table 5 . 
Maximizing Product Yield as Design Target
To maximize the amount of the product ( ) Cl H C 9 4 as the specified design target, the equilibrium equations 20 to 24, 25a, and 26 to 33) are used to estimate the maximum amount of the product in the reacting system.
Reactive systems with tetrabutylammonium, ( )
, as PTC with 6 different solvents are studied. The results of calculations are shown in figure 13 . Among the 6 solvents studied, Reactions with hexane, chloroform, and toluene as organic solvents give similar conversions of around 70%( with toluene an chloroform highest at 73%), while reaction with benzene and ethyl acetate yield less than 40% conversion and cyclohexane yields only 27%. These differences are enough to suggest careful solvent selection. Note that chloroform might involve a side effect in the reaction mechanism because its structure is close to that of the product. 
Minimizing Organic Phase Impurities
The amount of impurities that remain in the organic phase with the main product varies with the type of solvents and PTCs used. The objective of this example is to show the minimum of impurity species that remains with the product at different stages of the reaction and with different substituents. The conversion equations 20 to 24, 25b, and 26 to 33 are used. Based on the results shown above section where hexane and toluene yielded high conversions, we selected these solvents and also the PTCs, tetraethylammonium, ( ) for study. Figure 14 shows the impurity levels for the four combinations of solvents and PTC at different amounts of conversion. Overall, reactions with tetraethylammonium PTC, in both toluene and hexane, give smaller impurities than reactions with tetrabutylammonium PTC at essentially all conversion level. Moreover, as the reaction progresses, the amounts of impurities decrease for them. While initially impurities in toluene are higher than in hexane it becomes lowest at a conversion of 0.7. Interestingly, with tetrabutylammonium PTC in toluene, the amount of impurities at low conversion is nearly the same as with tetraethylammonium, but as the reaction progresses, the impurities increase, not decrease. . At low conversion, there is a high concentration of the chloride species, leading to the formation of active PTC, which in turn, partitions well into the organic phase. As the reaction progresses, the active species becomes spent, and the PTC stays in the inactive form, which is not well partitioned into the organic phase. On the other hand, the partition coefficients of tetrabutylammonium PTC are opposite; the partitioning into the organic phase of inactive butyl PTC is higher than that of the active species. Then, as the reaction progresses, the inactive PTC accumulates in the organic phase, decreasing the reaction extent.
The different partition coefficients
The result is that minimum impurities occur when tetraethylammonium PTC is used with toluene or hexane as solvents.
Figure 14: Impurity amounts in the organic phase at different conversions with different PTCs and solvents
Accelerating the Reaction
The speed of the reaction is a key design issue in reactive systems. In general, the kinetic model equations 20 to 24, 25c-d, and 26 to 33 are used to estimate the system half-life, equilibrium time, and apparent rate of reaction.
The apparent reaction rate ( App k ) is influenced by the kinetic parameters and the concentrations of the reactant and PTC. For a given reaction at fixed concentrations, when the activity coefficient of an active PTC in the organic phase ( ) β γ QCl increase -lowering the PTC partitioning -the system half-life and time to equilibrium increase and the apparent reaction rate decreases.
For the examples above under the same initial conditions (see Table 5 ), results for 42 systems with pairs formed by 14 solvents and 3 PTCs have been calculated. The detailed results of these calculations are given in supplementary material (see Table S-II) . For the chlorination reaction, Figure 15 shows the half-life and time to equilibrium, while Figure 16 shows the apparent reaction rate. Since the equilibrium time is always around two orders of magnitude higher than the half-life, it takes almost two hours for the reaction to move from halfconversion to equilibrium. (4) inactive species in the organic phases ( ) QCl β . The mole fractions of the PTC species are shown in Figure 17 as a function of the fed PTC concentration. In the chlorination of organobromine system, it is preferable to have the active form of tetraalkylammonium chloride (QCl) in the organic phase.
Below the optimum feed region (less than nine molar initial PTC), the PTC converted to active species (QCl), but it stays mainly in the aqueous phase so the organic phase reaction is slow. In the optimum PTC feed region (between 9 and 32 molar initial PTC), the PTC is transferred to the organic phase accelerating the reaction. However, above the optimum region, the PTC accumulates as inactive species in the organic phase shifting the reaction backwards, slowing the rate of product formation, and wasting catalyst. 
Chlorination of Organobromine -II
The combination of the SAC thermodynamic model with different reactor models was shown in section 4.2. However, these estimations required measured data and cannot be reliable in predictions. The newly developed e-KT-UNFAC, which is based on group contributions can be used good for synthesis-design objectives for both the aqueous and organic phases without data.
In the present work, a new PTC-related group, + N , has been defined, structural parameters (r and q) calculated, and its interaction parameters for existing KT-UNIFAC groups, ion groups, and itself have been regressed from the experimental data of PTCs containing four to sixteen carbon atoms. Group configurations of the 98 distinct PTC cations so created are given in supplementary material (Table S-III) .
The predictive capability of the e-KT-UNIFAC model is demonstrated with the design target to maximize the product yield for the chlorination of organobromine process for the 6 solvents of Section 4.2.1. In total, 588 pairs of solvent-PTC reactive systems have been considered for this case. 
Optimum Region
The detailed results of the calculated conversions of the raw material in the different reacting systems are given in supplementary material (Table S-IV) . The calculated conversions range from 21% to 99%. The maximum, minimum and average conversions obtained with different chain lengths of the PTC are shown in Figure 18 , the average conversions increase with the number of attached carbon atoms from 4 to 12 atoms and then decrease from 12 to 16 atoms. The maximum, minimum and average conversions for different solvents are shown in Figure  19 , with hexane given highest average conversion as well as the highest possible conversion.
The highest conversion of 98.9% is achieved with hexane as the solvent and a 12 carbon atom PTC. The PTC cation groups are ammonium ( The calculated conversions with the e-KT-UNIFAC and SAC model (of Section 4.2.1) are very similar, suggesting that for this case, the models are equivalent (Table 6 ). 
Conclusions
A modelling framework for biphasic Phase Transfer Catalysis (PTC) reacting systems has been implemented with both correlative and predictive constitutive thermodynamic models. The framework allows the construction of problem-specific models for different reaction conditions, PTCs, and solvents.
Case studies of benzoin condensation and chlorination of organobromines have been successfully analysed with the modelling framework. A pseudo-PTC model together with NRTL/eNRTL constitutive thermodynamic models accurately estimates rates and yields for the benzoin condensation under different initial conditions.
Three sets (equilibrium, conversion, and kinetic) of models for the chlorination process have been constructed and evaluated for different combinations of solvents and PTC using the SAC and e-KT-UNIFAC constitutive models. Certain combinations of PTC and solvent show maximal conversion and rate, these results suggest that the current version of the framework has promise for a wide range of PTC reacting systems. 
